DNA fingerprinting and molecular characterization showed that the tetracycline-resistant Staphylococcus aureus population of a South African poultry processing plant comprised one or possibly several tet(K)-containing endemic clones that contaminated chicken and machinery surfaces at all sampled processing stages. The tet(K) gene was transferable by filter mating to S. aureus recipient 80CR5 and was located on a pT181-like plasmid.
Poultry processing plants (PPPs) are favorable environments for the survival and transmission of various commensal, spoilage, and potentially pathogenic bacteria throughout the human food chain. As one of the most predominant groups along the slaughtering and processing line of poultry, staphylococci have been recovered from air samples (13) , neck skin of chicken carcasses (1, 15, 34) , and equipment and machinery surfaces (15) . After coagulase-negative Staphylococcus spp. (28) , Staphylococcus aureus is the most widespread staphylococcus that can survive, colonize, and persist at various processing stages in commercial PPPs due to its expression of various key properties, including adhesion (7, 27) and chlorine resistance (6) . In addition, S. aureus associated with poultry processing are also notorious as reservoir organisms of multiple antibiotic resistance traits (5, 16, 25, 31) . Whereas there exists ample evidence demonstrating that clonal spread has significantly contributed to the dissemination of (multi)resistant staphylococci such as methicillin-resistant S. aureus in clinical settings (33, 36) , it is far less clear if genotypically highly related or clonal lineages also occur among resistant S. aureus associated with food industry environments such as PPPs. The genotypic diversity of S. aureus from poultry abattoirs has been assessed by pulsedfield gel electrophoresis (PFGE) and/or plasmid profiling (11, 20) , but very few studies have actually attempted to correlate strain types with antibiotic resistance patterns (5) . Recently, Geornaras and von Holy (16) reported that most carcass and equipment surface S. aureus isolates from a South African PPP exhibited resistance to two tetracycline (TC) compounds. Triggered by the intensive and long-time use of chlortetracycline and oxytetracycline as growth promoters in poultry farming (44) , TC resistance is one of the most frequently occurring resistance phenotypes among S. aureus from farming, processing, and storage environments of poultry. Combined with the fact that TC resistance in S. aureus is mainly disseminated by transmissible plasmids such as members of the pT181 family carrying the tet(K) gene (18) or by conjugative transposons such as Tn916 harboring the tet(M) gene (10), TC resistance thus provides an interesting marker to investigate the genotypic diversification of resistant Staphylococcus populations from food. As a follow-up to an earlier study (16) , it was our objective to assess the genotypic diversity of TC-resistant (Tc r ) S. aureus strains previously isolated from a South African PPP by repetitive DNA element-PCR (rep-PCR), PFGE, and plasmid profiling and to investigate the molecular basis of TC resistance in the different S. aureus genotypes.
The 38 S. aureus isolates under study originated from a PPP located in Sundra, South Africa, in which ca. 25,000 birds were slaughtered daily (16) . Isolates were obtained from neck skins of carcasses after defeathering (CAD), evisceration (CAE), and immersion chilling (CAI), and from rubber fingers (RF) at the exit of the defeathering machine during four separate sampling surveys (designated 1, 2, 3, and 4) as described previously (16) . Neck skin samples were composite samples made up from subsamples of 20 randomly selected carcasses collected at a specific step of the processing line within 2 min. A 20-g composite sample was homogenized in 180 ml of peptone-supplemented saline (PSS; 0.1% peptone and 0.85% saline) for 2 min. Rubber fingers were sampled after a routine cold water rinse by swabbing adjacent surface areas of ca. 5 cm 2 for 30 s each by using five replicate swabs moistened in sterile PSS. The set of five swabs were suspended in a vial containing 10 ml of sterile neutralizing buffer by vigorous shaking for 30 s. For the isolation of S. aureus, all samples were subjected to the enrichment procedure of Bergdoll (4), after which 0.1 ml of the enriched sample was spread on Baird-Parker agar (Oxoid) and incubated at 37°C for 48 h. Up to three presumptive S. aureus isolates per sample plate were retained for antimicrobial susceptibility testing in which most isolates exhibited resistance to chlortetracycline and oxytetracycline (16) . The identity of these isolates as S. aureus was confirmed in the present study using the ID 32 STAPH identification system (bioMérieux) according to the manufacturer's instructions. MICs of TC and minocycline were determined by microbroth dilution with cation-adjusted Mueller-Hinton II broth (Becton-Dickinson catalog no. 212322), including control strain S. aureus LMG 10147 (ATCC 29213 from the American Type Culture Collection) according to guidelines of the National Committee for Clinical Laboratory Standards (NCCLS) (30) . Additional phenotypic resistances were determined with agar disk diffusion by using the following disks: gentamicin (10 g), ampicillin (10 g), rifampin (30 g), kanamycin (30 g), erythromycin (15 g), chloramphenicol (30 g), and methicillin (5 g). Inhibition zones were interpreted according to NCCLS guidelines (30) . For the purpose of rep-PCR fingerprinting and PCR detection assays, total genomic DNA was prepared by using a protocol based on the guanidium thiocyanate method of Pitcher et al. (37) . Isolation of plasmid DNA was based on conventional alkaline lysis (3). rep-PCR fingerprinting with the (GTG) 5 primer 5Ј-GTGGTGGTGGTGGTG-3Ј [(GTG) 5 -PCR] (17), PFGE analysis with SmaI (42) using a clamped homogeneous electric fields (CHEF) Mapper system (Bio-Rad, Hercules, Calif.), and plasmid profiling in 0.7% agarose at 100 V for 3.5 h (3) were performed as described previously. Digitized DNA fingerprinting data were analyzed and compared by using BioNumerics software v3.5 (Applied Maths, St-Martens-Latem, Belgium). For all PCR detection assays, a PCR core mix (total volume, 50 l) was used consisting of 1ϫ PCR buffer (Applied Biosystems, Warrington, United Kingdom), deoxynucleoside triphosphates (dATP, dCTP, dGTP, and dTTP) (Applied Biosystems) at a concentration of 200 M each, 1 U of AmpliTaq DNA polymerase (Applied Biosystems), and 20 pmol of each primer (Sigma-Genosys, Ltd., Cambridgeshire, United Kingdom). A 50-ng portion of intact total DNA was used as a PCR template. For all isolates, the presence of the efflux genes tet(K) and tet(L) and of tet genes of the ribosomal protection (RP) family was assessed. One RP-positive isolate was further subjected to PCR detection of tet(M) and tet(O), and for the tet(M)-positive isolate the presence of conjugative transposons of the Tn916-Tn1545 family was determined by using primers targeting the integrase gene int-Tn1545. Erythromycin-resistant isolates were screened for the presence of staphylococcal erm(A) and erm(C) genes. Details on the PCR primers and positive controls for tet and erm gene detection are given in Table 1 . All PCR amplifications were performed in a GeneAmp 9600 PCR system (Perkin-Elmer) by using the following temperature program: an initial denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 1 min, annealing (see Table 1 ) for 1 min, and 72°C for 2 min, with a final extension step at 72°C for 10 min. For detection of RP-type tet genes with primers Ribo2-FW and Ribo2-RV, the following touchdown PCR program was used: initial denaturation at 94°C for 5 min, followed by 22 cycles of denaturation at 94°C for 30s, annealing for 30 s with 1°C decrements at 72 to 50°C, and extension at 72°C for 30 s; 20 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s; and a final extension at 72°C for 7 min. PCR amplicons were checked electrophoretically on 1% agarose and visualized by using ethidium bromide fluorescence. A selection of genotypically diverse Tc r isolates was included in conjugation experiments with the TC-susceptible recipient S. aureus 80CR5 (14) . The protocol was based on a previously described filter-mating procedure (22) in which overnight-grown cultures of donor and recipient were mixed in 1:1 and 1:3 ratios and filtered through a sterile membrane filter with a pore size of 0.45 m (MF-Millipore membrane filter HAWP 2500; Millipore, Bedford, Mass.). After a filter rinsing with 2 ml of sterile peptone physiological saline (PPS) solution (8.5 g of NaCl and 1 g of neutralized bacteriological peptone [Oxoid]/liter), filters were incubated on brain heart infusion agar (Difco) for 24 h at 37°C and, after Transconjugants were selected by plating serial dilutions in PPS of the mating suspension on brain heart infusion agar supplemented with 10 g of TC, 200 g of rifampin, and 100 g of fusidic acid/ml. Likewise the control plates containing individual donor and recipient strains, mating plates were incubated at 37°C for 24 to 72 h. Presumptive transconjugants were confirmed by disk diffusion and MIC testing, (GTG) 5 -PCR and plasmid profiling, and PCR-based detection of tet genes as described above. The presence of plasmids belonging to the pT181 family was verified by enzymatic digestion of the plasmid content of selected 80CR5 transconjugants with HindIII (9.38 U/g of DNA) according to the manufacturer's instructions (Amersham Pharmacia Biotech). Plasmid restriction fragments were extracted and purified from an 1.5% agarose gel electrophoresed at 70 V for 2.5 h by using the Nucleospin kit (Macherey-Nagel, Düren, Germany) and were subsequently used as a template DNA for PCR detection of tet(K) as described above. Prior to studying the genotypic diversity of S. aureus isolates originating from a South African PPP (16), the presence of TC resistance and other resistance phenotypes was investigated by using MIC and disk diffusion testing. Based on a MIC cutoff value for resistance to tetracyclines of Ն16 g/ml (30), 31 of the 38 S. aureus PPP isolates were considered Tc r (MIC range, 32 to 128 g/ml), but all isolates were classified as minocycline susceptible (MIC range, Ͻ0.5 to 4 g/ml) (Fig. 1) . In disk diffusion testing, the 38 isolates were also uniformly susceptible to gentamicin, kanamycin, rifampin, chloramphenicol, and methicillin, whereas susceptibility to ampicillin and erythromycin was variable (Fig. 1) . Genotyping with the rapid DNA fingerprinting method (GTG) 5 -PCR revealed that all but two of the 38 isolates grouped into six clusters containing two or more isolates, but this set of isolates was further reduced to 27 potentially unique strains when isolates originating from the same sample plate and displaying indistinguishable (GTG) 5 -PCR fingerprints and plasmid profiles were considered as duplicates. This dereplication step resulted in the delineation of four (GTG) 5 -PCR clusters (A to D) at a Ն85% Pearson correlation that grouped strains isolated at different processing stages and/or during different surveys (Fig. 1) , whereas four strains remained ungrouped. Tc r strains of clusters A, C, and D were clearly different from the TC susceptible (MIC Ͻ 4 g/ ml) strains SA 04 and 37 and cluster B members. Overall, strains within each of these four clusters exhibited highly similar if not identical PFGE patterns, indicating that they are clonally related. This is in particular the case for the large cluster C that comprised the majority of the Tc r strains (n ϭ 15), including strain SA 23 that may represent a subclonal variant within this cluster as demonstrated by its slightly atypical (GTG) 5 -PCR and PFGE fingerprints. The fact that members of cluster C were recovered from CAD and CAI samples during surveys 2 to 4 and surveys 1 to 4, respectively, and from RF samples during surveys 2 and 3 seems to indicate that these strains represent a resident or endemic clonal genotype within the PPP system. Although no samples were analyzed from the final processing steps such as carcass packaging, it can be speculated that this Tc r S. aureus clone was probably disseminated throughout the entire processing line and may thus end up in the final product. Previously, Dodd et al. (11) reported that the S. aureus populations from poultry carcasses and from equipment surfaces were markedly different on the basis of plasmid profiling. In the present study, all members of cluster C shared three plasmid bands (with estimated sizes of Ͼ16 kb, 4.2 to 4.4 kb, and Ͻ2 kb, respectively), but some strains also harbored additional plasmids or exhibited erythromycin resistance (Fig. 1) . These findings again highlight that plasmid profiling cannot function as a stand-alone method to study bacterial population diversity but needs to be combined polyphasically with more robust DNA fingerprinting methods such as (GTG) 5 -PCR and PFGE. In contrast to cluster C, plasmid profiles and resistance phenotypes were highly similar or identical in clusters A (from CAI samples), B (from RF samples), and D (from CAD, CAE, and CAI samples). Although the strains within each of these three clusters were isolated from various sampling points and/or during different surveys, it is not possible to hypothesize that clusters A, B, or D represent additional S. aureus clonal genotypes within the PPP system given the low number of strains per cluster.
In the second part of the study, we aimed to determine the molecular basis of TC resistance in strains of clusters A, C, and D and the ungrouped strains. First, the presence of the four specific TC resistance genes thus far found in staphylococci, i.e., the efflux genes tet(K) and tet(L) and the RP-type genes tet(M) and tet(O) (8) was verified. The majority of the dereplicated Tc r S. aureus strains (n ϭ 22) in the present study possessed tet(K), whereas one strain (SA 34) contained both tet(L) and tet(M). The fact that tet genes of the RP type such as tet(M) offer protection against both TC and minocycline was reflected by the higher MIC for minocycline of strain SA 34 (4 g/ml) compared to the MICs of the tet(K)-containing strains (MIC Ͻ 0.5 g/ml). Whereas the genes tet(K) and tet(M) have been repeatedly reported to occur together in strains of S. aureus (41, 43) , strain SA 34 probably represents a rare case of a tet(L)/tet(M) combination in staphylococci. The tet(K) gene was detected in all members of the three Tc r (GTG) 5 -PCR clusters A, C, and D but, as expected, was not present in the TC-susceptible strains. Mainly because of its omnipresence in the widely disseminated cluster C strains, our data suggest that tet(K) has been established as an endemic resistance determinant in the PPP system and that various points of the processing line can be considered as potential reservoirs of TC resistance. In the five Tc r strains that also exhibited erythromycin resistance, tet genes were joined by the widespread erm(C) gene (Fig. 1) . It is noteworthy that this gene has previously been shown to be located on small staphylococcal plasmids that were transferable from poultry to human clinical strains of S. aureus presumably by transformation (25) .
The wide distribution of tet(K) and tet(M) among S. aureus strains has been linked to the fact that these genes are located on mobile genetic elements such as small plasmids and conjugative transposons (8) 5 -PCR fingerprints of 27 dereplicated S. aureus PPP isolates, with adjacent the corresponding SmaI macrorestriction and plasmid profiles. Four (GTG) 5 -PCR clusters (A to D) were delineated at 85% Pearson product-moment correlation. The dendrogram was obtained by using the unweighted paired group method with arithmetic averages. Sample codes consist of the source abbreviation (as defined in the text), followed by the sampling survey number (1 to 4). Strains that could successfully transfer TC resistance to recipient 80CR5 by filter mating have underlined numbers, and the plasmids that were acquired by 80CR5 in these matings are indicated by an asterisk at the top left of the respective plasmid band. The bold arrow below indicates the pT181-like 4.2-to 4.4-kb plasmid common to all tet(K)-containing strains. Strain numbers in boldface, i.e., SA 07, 08, 17, 23, and 34, were deposited in the public BCCM/LMG Bacteria Collection, Ghent University, Ghent, Belgium (http://www.belspo.be/bccm/db/bacteria_search.htm) as LMG 22522, 22523, 22524, 22525, and 22526, respectively. nd, none of the tested tet or erm genes were detected. AM, ampicillin; ER, erythromycin; MC, minocycline. (24) and wild rodents and insectivores (19) . Filter-mating experiments with 11 selected donor isolates from (GTG) 5 -PCR clusters A, C, and D demonstrated that three isolates of cluster C and two isolates of cluster D were able to transfer tet(K) to the plasmidfree recipient strain 80CR5 at frequencies in the range of 10 Ϫ7 to 10 Ϫ8 per recipient. Plasmid profiling showed that all confirmed 80CR5 transconjugants had received the small 4.2-to 4.4-kb plasmid together with one or more additional plasmids (Fig. 1) . Restriction enzyme analysis of the 4.2-to 4.4-kb plasmid from these transconjugants with HindIII yielded three fragments with estimated sizes of 0.5, 1.5, and 2.4 kb (data not shown) which matches with the HindIII restriction map of pT181 composed of 0.56-, 1.53-, and 2.35-kb fragments, respectively (26) . Moreover, the finding that tet(K) was detected by PCR in all purified extracts of the 2.35-kb fragment which is known to contain the complete tet(K) gene in pT181 (18) suggests that the small plasmid common to all tet(K)-positive S. aureus isolates is a member of the pT181 family. In addition to previously reported food-associated sources such as the skin of pigs (38) and raw milk cheeses and meat products (35) , our data provide possible evidence that PPP environments are also among the natural reservoirs of pT181 plasmids. The fact that pT181 and analogous plasmids are not self-transmissible (26) but can be mobilized by conjugative plasmids suggests that further work beyond the scope of the present study such as the molecular dissection of the additional plasmid(s) acquired by 80CR5 transconjugants is needed to unravel the transfer mechanism of pT181(-like) plasmids by S. aureus PPP isolates.
In conclusion, molecular typing and characterization showed that the Tc r S. aureus population of the investigated PPP system consisted of one or possibly several tet(K)-containing endemic clones that contaminated chicken and machinery surfaces at all sampled processing stages. To our knowledge, this is the first study to demonstrate that tet(K)-harboring plasmids of the pT181 family can also be disseminated by environmental S. aureus clones. Possibly, such clonal genotypes may represent important sources of pT181 that have contributed to the epidemiologically successful integration of this plasmid into the staphylococcal cassette chromosome mec (SCCmec) of the globally transmitted methicillin-resistant S. aureus clonotype III-A (21) . In this respect, it would certainly be useful to aim future monitoring studies at the genetic diversification of Tc r S. aureus clones associated with the production and processing of food into carriers of multiple resistance elements.
